In 1974, vinyl chloride (VC) was first reported in the open scientific literature to induce angiosarcoma of the liver both in humans and in animals. Additional research has now demonstrated the carcinogenicity of VC to other organs and at lower concentrations. The target organs for VC now clearly include the liver, brain and the lung, and probably the lymphohematopoietic system.
Laboratory Bioassay
In 1971, 44 years after vinyl chloride was introduced into American commerce (1), 24 years after vinyl chloride was shown to cause cardiac arrhythmia in experimental animals (2), 22 years after vinyl chloride was reported to be associated with hepatic abnormalities in workers in a Russian plastic factory (3), 14 years after toxic angioneuropathy was noted among workers exposed to vinyl chloride below the then Russian maximum allowable concentration of 390 ppm (4), 11 years after the vinyl chloride production process was associated with a severe neurologic disorder in Minamata, Japan (5), 10 years after vinyl chloride at concentrations down to 200 ppm were reported to cause centrilobular granular degeneration of the liver (6) and 5 years after vinyl chloride was shown to induce acro-osteolysis in workers cleaning reactor vessels (7), Viola et al. (8) reported the induction of tumors of the skin, lung and bone in rats exposed by inhalation to 30 ,000 ppm of vinyl chloride.
These oncogenic findings have been interpreted by some to have elicited little response because *Consulting Epidemiologist, 8310 Carrleigh Parkway, Springfield, VA 22152. the testing was conducted only at unrealistically high dosages bordering on the lower explosive limit of vinyl chloride (9) . In reality, however, such was not the case. In May of 1971, Viola had presented to several U.S. companies unpublished findings of an increased incidence of tumors in rats exposed to vinyl chloride concentrations down to and including 500 ppm (10) . Additional ongoing studies involving vinyl chloride exposures of 20 ,000, 10,000, 5,000, 2,000, 500 and less than 500 ppm were also described to those same companies. In like manner, Maltoni, in (12) reported an increasing incidence of liver angiosarcoma with an increasing dosage of vinyl chloride. Among rats exposed to vinyl chloride by inhalation, the incidence of liver angiosarcoma was 3% at 500, 5% at 1,000, 6% at 5,000, 8% at 10,000 and 12% at 20,000 ppm. Among controls not exposed to vinyl chloride, liver angiosarcoma was not found. In that same year Maltoni and Lefemine (13) also reported the induction of tumors in mice, hamsters and rats exposed to vinyl chloride by inhalation. The spectrum of induced tumors included angiosarcomas of the liver, adenomas and adenocarcinomas of the lung, neuroblastomas of the brain, lymphomas and carcinomas of other sites. Vinyl chloride in that study was shown to induce liver angiosarcoma in rats at 50 ppm of exposure. Keplinger et al. (14) in that same year also reported the induction of liver angiosarcoma in mice exposed to 50 ppm of vinyl chloride by inhalation. Subsequently, Holmberg et al. (15) (17) reported the induction of hepatic and extrahepatic angiosarcoma at 10 ppm of vinyl chloride.
Epidemiology
Occupational Exposure: Vinyl Chloride Production or Polymerization
In 1974, the same year that the public was first informed that vinyl chloride induced liver angiosarcoma and cancers of other sites by way of experimental bioassay, epidemiological studies also were reported demonstrating an excess of cancer of multiple organs among workers occupationally exposed to vinyl chloride. Tabershaw and Gaffey (18) reported that cancers of the buccal cavity and pharynx, digestive tract (primarily liver angiosarcoma), respiratory tract, central nervous system (primarily brain) and the lymphatic system were excessive among workers in the United States having been employed for at least one year in plants producing and/or polymerizing vinyl chloride. Monson et al. (19) (21) reported the mortality experience of 549 individuals occupationally exposed to vinyl chloride-poly(vinyl chloride). Whereas no angiosarcomas of the liver were found, an excess of all malignancies combined was reported among those workers classified as having been highly exposed when contrasted with workers of all other exposure intensities. Among the nine cancer deaths in the highly exposed group of workers, four were due to lung cancer. In a discussion of the limitations of the study, the investigators noted that the majority of workers in the category "other than highly exposed" had less than one year of work experience in departments with exposure to vinyl chloride-polyvinyl chloride. Duck et al. (22) in 1975 reported that a study of 2100 employees of a vinyl chloride polymerization plant in the United Kingdom revealed no excess of total or cause-specific mortality. In addition to reporting no excess of cancer mortality. The investigators reported an inverse relation between vinyl chloride exposure and cancer mortality, i.e., as the duration of exposure to vinyl chloridepoly(vinyl chloride) increased, the risk of cancer decreased. The results and conclusions of that study were adjudged by Wagoner et al. (23) to be spurious and due to the use of faculty analytical methodology. Upon reanalysis of the data in that study, Duck and Carter (24) reported an increased risk of cancer of the digestive system among workers observed 15 The effects of vinyl chloride-poly(vinyl chloride) exposure on the respiratory system of exposed workers seem to indicate a pattern of nonneoplastic effects, a granulomatous reaction to poly(vinyl chloride) dust, with inclusion of poly-(vinyl chloride) particles in macrophages and histocytes, and associated interstitial fibrosis.
The long-term carcinogenic effect, with a significant increase in lung cancer also is of concern. In 1978, Waxweiler et al. (40) reported the results of a study of lung cancer at a single vinyl chloride-poly(vinyl chloride) facility. One objective of this study was to determine whether there was an excess risk of lung cancer of a particular histological type at the plant. A case control study showed a clear excess of type 3 (adenocarcinoma) and type 4 (large-cell undifferentiated) lung cancers in cases occurring among plant employees as compared to other lung cancer cases from the same hospital of diagnosis, matched for age and calendar period of diagnosis. The authors noted that adenocarcinomas of the lung, accounting for a minor proportion of this excess risk, have been shown to be at most only weakly related to cigarette smoking; some studies have shown no association at all. The authors also noted that largecell differentiated carcinoma of the lung, accounting for the vast majority of the excess lung cancer risk, is the only major histological type that has never been related to cigarette smoking by epidemiologic study. Thus, they concluded that cigarette smoking was not a major confounding variable in the study.
A Experimental bioassay and epidemiological studies have shown a high concordance for the carcinogenicity of vinyl chloride, specifically for liver angiosarcoma. This excess of liver angiosarcoma has been shown to persist from the polymerization of vinyl chloride to the residence in near proximity to such facilities.
Both experimental and epidemiological data indicate that PVC dust is probably associated with respiratory effects, both neoplastic and nonneoplastic in nature.
